Abstract: One of the fundamental principles guiding the pharmaceutical quality of parenteral products is to prevent injecting contaminants from microbiological, chemical or physical sources. It is just as difficult to ensure the absence of chemical and particulate contaminants in injectable products as it is to weigh up the microbiological risk. The problem of particulate matter is mainly related to the preparing and administrating of injectable drugs rather than through the contamination of marketed products. Particulate contamination also arises in situ during the simultaneous intravenous (IV) infusion of incompatible drugs. A complete overview of these problems in the context of IV infusion was carried out to assess their clinical impact. Many studies had already been performed on this theme, but the majority date from the 1970s and 1980s. Clinicians have expressed a renewed interest since the early 2000s, focusing on the impact of particles on patients.
Introduction
The quality required for injectable preparations is based on the non-administration of contaminants whether biological, chemical or physical. Particulate matter in injections can be a serious health problem with potentially severe consequences for patients, especially if particles are infused in a precipitate. Such consequences may include CVC obstruction, occurrence of potentially fatal embolism [1] , deposits of calcium phosphate crystals in various organs during total parenteral nutrition [2] or systemic inflammatory response syndromes (SIRS) [3] . The United States Pharmacopoeia (USP) defines injectable drug particulate matter as "foreign particles, undissolved, mobile, other than gas bubbles, which are involuntary in these solutions (parenteral formulations)" [4] . The European Pharmacopeia (EP) has a corresponding chapter on particulate contamination [5] . There are two tests to determine particulate matter in preparations [6] : (1) the light obscuration particle count test and (2) the microscopic particle count test. These two procedures test count the particles that are larger than 10 and 25 µm with limits according to the particle size and the volume of the preparation (Table 1) .
It is just as difficult to assess the risk of microbiological contamination in injectable products as it is to ensure the absence of particulate contamination in these same products [10] . Contamination of fluids with bacteria, endotoxins and/or particles has been observed with intravenous (IV) infusion therapy. It is difficult to control particulate contamination during drug infusion, especially when several different drugs are administered simultaneously. Particulate contamination of IV fluids can result from drug incompatibilities, especially frequent in intensive care unit (ICU) patients who may receive numerous drugs simultaneously through a limited number of venous access sites. When many IV therapies have to be administered through the same central venous catheter, the risk of drug incompatibilities and thus particle formation increases.
The aim of our review is to define the sources of particulate matter infused to the patient and their clinical consequences.
Causes of particulate contamination of IV fluids
There are several causes of particulate contamination of IV fluids. There are two types of injectable drug particulate matter according to its source [11] : 1) intrinsic particles, defined as those initially associated with the solution which have not been eliminated either by filtration or by precipitation from the solution, and 2) extrinsic particles, defined as those that contaminate the container or solution during manufacture or preparation of drug solutions. Some of these have been described [12] , including, for example, fibres, dust, rubber or silicone and have been known for some years, which explains the limited use of glass ampoules today in favour of plastic bottles or pods to ensure patient safety [10] .
Particles from glass containers
Traditionally, glass was the most widely used container for the primary packaging of parenteral products because it is relatively inert, non-porous, impermeable to gas and moisture, transparent, resistant, rigid, easy to reclose and economical. Pharmacopeias describe the glass to be used for pharmaceutical containers [13, 14] as its composition is varied. "It is either borosilicate glass or soda-lime-silica glass. Borosilicate glass contains significant amounts of boric oxide, aluminum oxide, and alkali and/or alkaline earth oxides and has high hydrolytic resistance and high thermal shock resistance due to its chemical composition; it is classified as type I glass. Soda-lime-silica glass is a silica glass containing alkaline metal oxides (mainly sodium oxide) and alkaline earth oxides (mainly calcium oxide). It has moderate hydrolytic resistance due to its chemical composition; it is classified as type III glass. Suitable treatment of the inner surface of type III soda-lime-silica glass containers will raise hydrolytic resistance from a moderate to a high level, changing the classification of the glass to type II". Type I glass containers are reusable unlike Type II.
However, despite the neutral property of glass, interactions between the packaging components and the formulation ingredients are possible with the release of glass particles. The presence of such particles in primary containers for pharmaceutical liquids has concerned health authorities in recent years due to claims leading to product recalls. Manufacturers must ensure the absence of any contaminants such as glass fragments to respect the rules of Good Manufacturing Practices (GMPs) to obtain quality products [15] . A working group was set up at the French medical drug agency (ANSM) between December 2006 and September 2007 in partnership with pharmaceutical manufacturers to identify preventive measures which all manufacturers must apply to avoid the introduction or generation of glass particles and to detect their possible presence [16] .
Glass ampoules are a high-risk source of particulate contamination. Glass fragments can be introduced into the ampoule when it is opened by the operator [17] . If a needle (for example 18G) is used to withdraw the contents, small glass particles can pass through the needle into the syringe and easily be administered to patients. This risk remains if drugs are administered via the injection port of the IV cannula which is a safety measure to limit sharp injuries to the medical staff [18] .
An attempt has been made to optimise the opening of glass ampoules: in partnership with an industrialist, Lee et al. [19] developed a vacuum machine to reduce glass particulate contamination when glass ampoules are opened. Sabon et al. [20] showed that various types of aspirating techniques and ampoules have no effect on glass particle contamination. Other studies demonstrated the effectiveness of filter needles and in-line filters to reduce glass particle contamination [21, 22] . Preston et al. [23] recovered glass particles larger than 130 µm in size in 57 % of controlled injectable solutions. Additionally, Lye et al. [18] identified an average of 0.22 glass particles per unit in more than 500 glass ampoules analyzed. The injection of these particles into the patient is therefore a major risk. Preston et al. [23] therefore Table 1 : Regulation limits on sub-visible particle diameters and counts according to the 2.9.19 monograph of the EP [5] .
Nominal content
Maximum number of particles ≥  µm Maximum number of particles ≥  µm
More than  mL*  per mL  per mL Less than  mL   per container  per container Note: * In the context of the IV administration of drugs, the monograph 2.9.19 of the EP is not adapted to the particulate count potentially injected to patients during infusions. Nevertheless, in some studies [7, 8, 9] , the overall particulate matter during IV infusions of drugs was assessed using regulatory limits on sub-visible particles with a nominal content > 100 mL.
recommended the use of filtered needles when administering injectable drugs to patients. Pre-filled syringes have increasingly been used instead of glass vials and ampoules in recent years [24] . Yorioka et al. [25] showed that pre-filled syringes helped to decrease glass particles in IV admixtures. The number of particles in the residual IV solution was significantly higher for fluids prepared from drugs packaged in glass ampoules than for those obtained by mixing drugs in prefilled syringes. Nevertheless, microscopic observation of the residual IV admixture solutions in glass ampoules revealed glass fragments.
Particles from plastic containers
Plastic contamination frequently occurs due to particles from the plastic infusion container or from the use of sharp items through the injection port [26] . The insertion of a needle through the septum or stopper of a medication vial or infusion container may detach a small fragment from the septum or stopper. This particle may float in the IV solution. If it is small or masked (e. g. by the label or a coloured vial), contamination may go undetected. The particle may then be aspirated into a syringe and injected into the patient [27] .
Infusion containers must be manufactured to prevent contamination from particles [28] . For empty containers, the requirements are the following: the number of particles having a diameter ≥ 10 µm per mL of nominal container capacity of the container should not be > 25 and the number of particles with a diameter ≥ 25 µm per mL of nominal container capacity of the container should not be > 3. Ready-to-use parenteral solutions in infusion containers must meet the requirements of the pharmacopoeia specifying the particle content of finished products (Table 1) . A study revealed that handling and storage influenced the initial amount of particles found in the plastic bags [29] . Several materials are used for different types of containers, such as polyvinyl chloride (PVC), polyethylene (PE), polypropylene (PP), ethylene vinyl acetate (EVA), combined or not. The relative merits of each, especially in terms of particulate contamination, are discussed by Petrick et al. [30] .
Non-electrically driven portable infusion devices include a particulate matter filter on the fluid path of the solution [31] . Filter pore-size of ≤ 15 µm does not retain the smaller particles. Two commonly-used elastomers (silicone and polyisoprene) in diffusers present different mechanical characteristics which have an impact on infusion flow rate [32] . However, there is no data concerning their impact on the presence of particulate matter in IV solutions or on the effectiveness of elastomeric diffuser filters on particulate contamination.
Particles from infusion sets
Particles in medical devices used in infusion sets (e. g. tubings or catheters) may cause problems for the health of patients who can be exposed to a risk of contamination by a release of particles from the devices themselves during infusion. Mastering particulate contamination in the manufacture of devices is a major concern for all manufacturers if they are to ensure the safe use of their devices, and more especially as standards stipulate virtually no particulate contamination. The FDA has established acceptance criteria of a minimum of 90 % recovery for 10-25 µm particles and a minimum of 80 % recovery for ≥ 25-µm particles [33] . Pavanetto et al. [34] analysed the level of particulate contamination of different tubings for infusion and hemodialysis. To do so, they injected particle-free water into the tubes and particle contamination was measured at different sampling times. Particle-free water was passed through filters of different porosity (0.8 µm, 0.45 µm and 0.22 µm). An initial particle contamination of the devices was observed, but which had an only limited impact on the particulate contamination of the drug solutions infused. However, the authors recommended vigilance, through visual inspection, especially when flushing devices. Indeed, particles larger than 50 µm could thus be detected.
Some manufacturers are setting their own acceptance limits or using the limits specified in USP 788, « Particulate Matter in Injections ». However, USP 788 is specific for injections and parenteral infusions and may not always be appropriate for medical devices but manufacturers may use the acceptance criteria specified therein as a general guide [33] . The standards for infusion devices include thresholds for particle contamination. Infusion devices must therefore be manufactured under conditions reducing this contamination, for example the standard ISO 8536-4: 2010 standard. 'Infusion equipment for medical use -Part 4: Infusion sets for single use, gravity fed' defines a method to determine an index for particulate contamination for gravity administration sets.
Particulate contamination of IV solutions arises from incomplete reconstitution of drugs, drug incompatibility reactions during IV therapy, or components of the infusion systems [35, 36] . Analysis of samples from the terminal connection of infusion tubings identified plastic particles [37] .
Lubricant (silicone oil) in pre-filled glass syringes can cause an aggregation of proteins and therefore generate particles [38] . The reconstitution of L-Asparaginase in siliconised syringes induces protein aggregation [39] . Various technologies may be used to measure particle numbers in protein formulation but they are inadequate to characterise particles in a variety of protein solutions [40] . The siliconisation process may have an impact on the generation of particles in protein formulations in pre-filled syringes [41] . The addition of surfactants at certain concentrations to antibody formulations reduces particle formation in pre-filled glass syringes [42] .
Undissolved solids in drug solutions
Undissolved solids in drug solutions are another source of particulate contamination.
In a neonatal ICU, a piece of research work demonstrated that the dosing variability of vancomycin syringes was mainly due to the solvent used to reconstitute the powder and the non-systematic practice of stirring for complete dissolution of the powder [43] . Reconstitution of IV medications by a centralized intravenous admixture service (CIVAS) ensures the microbiological quality and chemical stability of ready-to-use injectable drugs and thus contributes to the quality and efficient management of the patient in hospital [44, 45] .
Therapeutic protein products may also contain particulates that are inherent to the product. These inherent "proteinaceous" particulates are generally different from traditional "foreign" particles and are more difficult to detect and count [46] . The need to monitor all (foreign as well as inherent) particulates in therapeutic protein products has led to the developing of measurement techniques [47] . A flow cytometer equipped with forward-and side-scattering as well as fluorescent detectors, is able to determine the number of subvisible particles in monoclonal antibody formulations [48] . Moreover, industry case studies have illustrated how strategies for subvisible particle analysis are being developed to assess the nature and amount of particulate matter for better drug product development or stability studies [49] .
Drug incompatibilities: a problem in clinical practice
A further frequent cause of particles is drug incompatibility. Drug incompatibilities are chemical and physical reactions between drugs and/or with the carrier fluid during their IV administration through the same venous access. Drug physico-chemical incompatibilities can lead to precipitate formation, responsible for particulate contamination of the infusion [50] [51] [52] .
Such drug incompatibilities can potentially harm the effectiveness and safety of drugs administered during IV therapy, especially in ICUs where several drugs may be simultaneously infused through the same catheter, contributing to an increase in the the risk of drug incompatibilities. The mechanisms of drug incompatibility were well described by Newton [53] , who drew a distinction between physical and chemical reactions. Physical incompatibilities include visible (precipitation, turbidity or color change) and subvisible (pH change, subvisible particles, decrease in drug concentration) reactions. Special care should be given to subvisible incompatibilities, whih can lead to a significant decrease in drug amount administered to the patient. Chemical drug incompatibilities are often subvisible reactions, leading to redox, complexation or racemization reactions. This kind of drug incompatibility may reduce the effectiveness of the drug administered, or create toxicity. In general, medications with different pH (high risk of precipitation) should not be administered through the same port of a venous access device. Knowledge of healthcare professionals is limited in this field. Tissot et al. [54] detected 14.4 % of nursing errors related to drug incompatibilities in an adult ICU and Gikic et al. [55] 3.4 % in a paediatric ICU. Serious consequences have been described due to drug incompatibility, such as obstruction of catheter, therapeutic failure, or the occurrence of embolism [56, 57] of fatalities [58, 59] .
A number of practical measures can reduce the risks. Contact time between incompatible drugs can be limited by using multilumen catheters [60] . Some hospitals have implemented strategies to avoid mixing incompatible drugs. For example, in Switzerland, a colour coding system according to drug pH was adopted over five years, resulting in a reduction in incompatibilities between acid and alkaline drugs [61] . Double-entry tables, or lists of drugs commonly used, can be drawn up [62] . Although a number of publications and databases deal with the subject [63] [64] [65] , discrepancies exist among available references, data is often non-existent or incomplete, and usually describe only one mixture. In-line filters can also be an effective solution for blocking particles generated by a drug-drug incompatibility and potentially administered to the patients, especially in neonatal and paediatric care. Two types of filter porosity can be distinguished: 0.22 µm and 1.2 µm in-line filters for aqueous drug solutions and lipid mulsions, respectively. When using filters during drug infusion, drug particles are captured by the filter membrane and can be analysed by electronic microscopy. In the study by Jack et al. [66] , microscopic analysis showed particles of approximatively 40 × 20 µm in size. In another study performed by Foinard et al. [7] , particles trapped by the filter membrane were also analysed, with a particle size of about 30 × 30 µm. These authors also showed that particulate contamination could be present downstream from the in-line filter, with particles greater than 10 µm. Nevertheless, the benefits of these filters have been challenged by several authors [3, 67, 68] . A meta-analysis did not provide specific justification for using in-line IV filters to prevent morbidity and mortality [69] and there may be a problem in clinical practices due to the ineffectiveness of the therapeutic management. Indeed, filters are characterised by the presence of different types of membranes used (polycarbonate, polytetrafluoroethylene (PTFE), or cellulose) and in health care they usually contain Posidyne ® (Nylon 6.6) or Supor ® (polyethersulfone (PES)) membranes, whose electrical charge may have an effect on drug retention. Gasch et al. [70] showed that a positively charged PES membrane filter could increase the retention of several drugs, especially when infusing no-ionic drugs (i. e. furosemide and potassium canrenoate). Several active drugs, such as antibiotic (gentamicin) and anticancer drugs (dactinomycin, vincristine) can be retained and are therefore not administered to the patient [71] . The use of IV filters, when infusing proteinaceous drugs, has increasingly become a major, particularly because of the lack of data available in the scientific literature [72] .
Elements determining particulate risk Patient characteristics
Particles administered to patients through IV infusion may lead to complications, as well as an increased risk of venous thromboembolism. Rare cases of fatal pulmonary embolism have even been reported. The age-profile of patients is important and young patients especially seem to be at risk [73] . Postnatal development provides a partial explanation for risk differences between adult and paediatric populations. These populations do not have the same cardiovascular characteristics [74] : although the pulmonary capillary diameter of neonates is the same as that of adults, the number and diameter of blood vessels are smaller in infants. This physiological condition could contribute to the more drastic effect of injecting particulate matter into paediatric patients [73] .
The neonate population is particularly at risk, especially in neonate ICUs, not only because of their age but also because of therapeutic management. This concerns mainly the simultaneous administration of injectable drugs. Very low volumes of liquids given to this type of patient may lead to the incomplete dissolution of injectable drugs and increase the risk of drug-drug incompatibilities.
Route of administration
Adverse reactions can take place depending on the administration route of particles.
The IV administration route is the main entry point for particles into the bloodstream. Particles diffuse to the lungs through the venous system because of the increasing size of veins. Jack et al. [66] showed that most particles have mean sizes within the range of 5 to 50 µm resulting in considerable particulate retention in the pulmonary capillaries of particles ranging from 5-10 µm in diameter. All particles smaller than the diameter of pulmonary capillaries pass through the lungs and diffuse into the different organs, including the liver and spleen, where particles can be phagocytised by the reticuloendothelial system.
The cardiovascular system is usually considered to be one of the major routes affected by particulate contamination and is associated with a high level of morbidity and mortality. Indeed, blood circulation is linked to the respiratory route; inhaled fine particles (<100 nm) migrate from lungs into the bloodstream and are therefore distributed to all organs. Many studies have investigated the impact of these inhaled particles on the body. Takenaka et al. [75] exposed rats to 50 µg fine silver particles through intratracheal instillation for a few hours.
They showed concentrations of particulate in the lungs, blood circulation and many organs (liver, spleen, heart and brain). After inhalation, particles accumulate in the different organs, especially in the liver [75] [76] [77] . In a study conducted on healthy mice, Khandoga et al. [76] reported that ultrafine carbon particles, when translocated after inhalation, went through the microcirculation of extrapulmonary organs, leading especially to platelet accumulation in the hepatic microvasculature. This accumulation was associated with prothrombotic complications.
Other routes of administration used during epidural and spinal anesthesia, or the intraocular route may also constitute potential sources of particulate contamination, because of direct delivery of particles to specific areas of the body. However there is a low risk of systemic reaction via the intrathecal, epidural and intraocular routes due to the negligible risk of particulate migration from these injection sites. The risk of injecting particles via these routes should nevertheless be anticipated during drug development [78] .
Number and characteristics
Every day millions of particles may be infused into patients during hospitalisation, especially in ICUs and are likely to worsen pathogenetic effects in vulnerable patients. Most particles range from 1 to > 100 µm in size (even up to > 500 µm), with the majority at around 2 µm [8] . The present authors opted for a detection limit of 1 µm suggesting that particulate contamination has so far been underestimated. Particles may also come from the particulate contamination of medical devices used during drug infusions. This is in addition to the initial particulate matter specific to all drug preparations. However, some studies have shown that particulate contamination from infusion sets and drug preparations is relatively low compared with the number of particles contained in parenteral solutions, implying that other explanations have to be found [79, 80] . Different methods for evaluating the particle load administered to patients during IV infusion have been applied. Most studies have controlled it through the presence of in-line filters in infusion sets, leading to an imprecise estimation of the number of particles administered to paediatric and adult patients [66, 81] . A visual examination method based on the Tyndall effect has recently been assessed [82] , but the authors concluded that an evaluation of drug compatibility and parenteral nutrition could not be obtained only through the visual detection of particles. Recently, Perez et al. [8] directly analysed overall particulate contamination exposure during IV therapy in children by connecting the infusion sets to a dynamic analyser system which showed that patients may receive up to millions of particles per day.
As already stated, sources of particulate contamination and the nature of particles are numerous. The main sources of contaminants include glass, which can be intrinsic or extrinsic. Clinical consequences attributed to glass particles are many and varied, including peripheral (phlebitis) and systemic (pulmonary granulomas, SIRS) effects [12] . Despite the fact that glass containers offer excellent properties in terms of chemical and thermal resistance, a high softening point and large-size particle-forming tendency, studies suggest that glass particles may be found in infusions and lead to clinical damage after several years [18, 25] .
Other secondary sources are silicone particles which could be shed from the silicone tubing used to fill containers [83] or could migrate directly from infusion sets into infusion solutions [84] . Environmental exposure to silicone and/or the pH of some infused drugs (alkaline drugs) can account for silicone plastic particles found in animals. Plastic particle migration during IV infusion is linked to infantile pulmonary hypertension [85] . Other particulate contaminants, such as metallic particles, can be found during IV infusion, e. g. aluminum particles detected in premature babies during total parenteral nutrition resulted in death [86, 87] . Indeed, many commonly used IV solutions, especially parenteral nutrition solutions, may be contaminated by traces of aluminum, leading to a high risk of aluminum intoxication in exposed infants. Traces of lead and chromium are other forms of metal contamination [88, 89] .
Electrical charge
It is difficult to show a clear link between the electrical charge of particles and clinical impact because no studies have been conducted to date on patients. Only Wilkins et al. [90] studied the relationship between the electric properties of particles and their blood clearance and organ distribution in animals. Polystyrene latex was injected into rats. The surface charge of these particles was modified by the adsorption of macromolecules to obtain negatively-(i. e. gum arabic) and positively-(i. e. gelatin) charged particles. The authors showed that 99 % of all injected particles were cleared from the blood 15 minutes after injection with a considerable uptake by the lungs, particularly of positive colloids. These led to a decrease in hepatic uptake and a later accumulation in the spleen. The liver largely took up negatively-charged colloids and their distribution was maintained. This study showed that the surface charge of particles plays a major role in terms of interactions with the reticuloendothelial system.
Size and shape
Particle size and shape are two factors to consider as they may have effects on particle positioning in the human body, and the consequences of this. In this assessment, spherical particles are used as a model, which is a major limit to all studies. These particles do not adequately reflect real conditions of particulate contamination during infusion because most particles are fibrous.
An initial work was conducted by Kanke et al. [91] . Radiolabelled spherical particles with a mean diameter of between 3 and 12 µm were injected into dogs. The study demonstrated that the distribution of particles was sizedependent with larger particles rapidly clearing from the bloodstream (i. e. 12 µm spheres) but being retained in the lungs, while smaller ones were retained in the liver and spleen.
Ilium et al. [92] investigated the effects of particle size, shape and nature on blood clearance and organ positioning by injecting spherical particles into animals. Two kinds of particles were used: small (1.27 µm diameter) and large (15.80 µm diameter) polystyrene microspheres and cellulose particles (from 5 to 30 µm). A total of 106 radiolabelled particles were injected via the ear vein of rabbits. The technique of gamma scintigraphy was used to investigate the particulate distribution in dynamic and static modes. It was shown that small microspheres circulated through the lungs but were taken up by the liver, whereas the larger particles were trapped in the lungs, whatever their nature. The shape of particles is very important: fibres were entrapped in the lungs, but also in other organs. Pulmonary vessels were obstructed by larger fibres, leading to the death of several rabbits.
In conclusion, this preclinical data performed with animal models shows that all particle characteristics (size, shape) are important, especially when assessing the overall particulate matter potentially administered during IV injections. Relevance to human is not totally reliable as comparison is difficult, especially with paediatric patients. However, some clinical studies have demonstrated that drug particulates could be responsible for fatal cases in neonates, due to the presence of precipitates in the lungs [58] .
Clinical effects of particulate matter in IV fluids
Physico-chemical drug incompatibilities can lead to the IV administration of particles to patients, with potentially serious clinical consequences. Clinicians often misunderstand this aspect.
Peripheral clinical effects
The effects of the IV administration of particles were studied in a prospective and double-blind investigation, where particles were found to be responsible for phlebitis. In blood circulation, particles diffuse through the vascular endothelium and can result in blood clots. Peripheral IV administration is commonly associated with the occurrence of phlebitis and poses a 70 % risk for longer-term infusions [93] . This relationship has been indirectly evaluated in several outdated studies by comparing patient groups with and without in-line filters [93] [94] [95] [96] [97] .
Studies on this subject are discordant. In a prospective double-blind study, Maddox et al. [94] analysed the effect of IV particles on post-infusion phlebitis (PIP). 195 men were randomised in two groups: a filter was present in the infusion set for the experimental group versus no filter for the control group. In both groups, IV fluids and medications were administered at 40 mL/h. There were no significant differences as to the incidence of PIP from one group to the other. Despite the unwarranted reduction in the incidence of PIP, this study reveals that the presence of IV filters prevented the infusion of microorganisms. Falchuk et al. [96] implemented a prospective study on the impact of particles on the occurrence of phlebitis during a 3-day IV infusion on 541 patients. Patients were randomised into two groups (with 0.22 µm in-line filters versus without filters). In the filter group, there was a 66 % decrease in the occurrence of phlebitis. A systematic review of randomized controlled trials assessed the effects of particulate matter on infusion-related phlebitis by using inline filters in peripheral IV catheters. The authors indicated that the risk of phlebitis was reduced through the use of in-line filters but the outcome remained uncertain because of the methodological weakness of the studies. Their conclusion was that in-line filters could not be recommended routinely in clinical practice with peripheral IV catheters.
Systemic clinical effects
During IV infusion, the administration of drug particles may cause inflammatory response, with the formation of granuloma. Studies have shown that foreign objects such as talc or cotton fibre could be injected into patients and lead to granuloma [98] [99] [100] . In a study based on children receiving parenteral fluids, Puntis et al. [101] confirmed that pulmonary granulomata could be found in small proportions, related to particulate contamination of IV solutions. More than 30,000 particles of between 2 and 100 µm in size were detected during a one-day infusion.
The IV administration of high amounts of particles to patients with organ failure can have deleterious effects on microcirculation. Some preclinical studies have tried to explain the action mechanism of such contamination in animal models [102] [103] [104] but none have managed to highlight the deleterious effects on the microcirculation of the striated muscle because healthy animals were used. In hospital, IV fluids are not usually administered to healthy patients, but rather to ill patients (polytrauma, major surgery, microvascular blood affections, etc.). Lehr et al. [105] investigated whether particulate contamination could affect the microvascular bed, using different IV solutions of cefotaxime. Functional capillary density (FCD) was analysed in non-ischemic and ischemic-reperfused muscle tissues; it was found that loss of FCD induced by particles was particularly significant in the post-ischemic tissue. Indeed, no loss of FCD after the injection of particles was observed in normal muscle tissue. Furthermore, histological sections of the tissues showed particles within arterioles and capillaries adjacent to the muscle tissue, and infiltration by inflammatory cells in response to the post-ischemic reperfusion injury.
Drug incompatibilities, such as precipitate, can occur during IV infusion, leading to SIRS. SIRS can be observed in many clinical conditions of infectious and noninfectious pathological causes. Dorris et al. [106] studied the inflammatory potential of infused particles by subcutaneous (SC) and IV injections. Dogs were randomised in control (with in-line filtration) and experimental (without in-line filtration) groups, and received concentrated solutions of particles. When particles were injected by the SC route, no inflammatory response was observed in either group. The IV route however has been implicated in venous thrombosis, phlebitis and systemic sepsis. It was shown that the longer the IV infusion, the greater the risk of endothelium reactions. These studies performed on animal models deserve deeper investigation and reference to human patients, especially paediatric patients. For children, the clinical consequences of particulate matter have been reported in several studies, leading to severe complications [107] or death [58, 108] .
Several clinical studies have demonstrated that the IV injection of particles can result in inflammatory responses. Jack et al. [3] designed a prospective study with more than 800 children who were randomly assigned to two groups (with and without in-line filters). This study showed that the occurrence of SIRS was reduced when using 0.22 µm and/or 1.2 µm in-line filters. They continued their investigation on a subgroup of patients in a paediatric ICU, so confirming their previous results that the filter group was associated with a significant reduction in the risk of SIRS [67] .
Particulate contamination during IV therapy constitutes a non-negligible risk for patients (thrombosis, impaired microcirculation or modulated immune response). Recently, studies have investigated the impact of particulate contamination on organ failure in critically ill children. Boehne et al. [68] evaluated the clinical impact of particulate contamination on different organs, as defined by the International Pediatric Sepsis Conference 2005 [109] . They concluded that the infusion of particles may cause alteration to the microcirculation, inducing systemic inflammatory reactions with adverse effects on organs. On the other hand, a similar study was performed in adult critically ill adult patients and did not indicate any impact of in-line filters in reducing SIRS or organ complications [110] . Nevertheless, it should be noted that the study concerned a mixed ICU population, which probably makes it impossible to conclude any significance.
Conclusion
IV infusions are extensively used in clinical wards, exposing patients to the risk of particulate contamination as well as drug incompatibility when several drugs have to be administered simultaneously through a limited number of venous accesses. Preventing both contamination and drug incompatibility are therefore essential to the safe administration of injectable drugs to polymedicated patients. Clinical pharmacists have an important role to play here: they must inform and educate the nursing staff on choices to be made and ways of preventing drug incompatibilities in ICUs (research in literature and databases, double-entry tables, use of multi-lumen infusion devices, in-line IV filters, identification of drugs by colour-code according to pH, etc). Medical devices (e. g. plastic materials, silicon oil, sterilisation process) or drug handling (e. g. infusion rate, shaking) have also a significant impact on particle formation on which it is difficult to adress.
The measures mentioned above are essential if IV therapy is to be improved and severe complications avoided.
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